ABSTRACT: The posterior parietal cortex has been implicated in spatial functions, including navigation. The hippocampal and parahippocampal region and the retrosplenial cortex are crucially involved in navigational processes and connections between the parahippocampal/retrosplenial domain and the posterior parietal cortex have been described. However, an integrated account of the organization of these connections is lacking. Here, we investigated parahippocampal connections of each posterior parietal subdivision and the neighboring secondary visual cortex using conventional retrograde and anterograde tracers as well as transsynaptic retrograde tracing with a modified rabies virus. The results show that posterior parietal as well as secondary visual cortex entertain overall sparse connections with the parahippocampal region but not with the hippocampal formation. The medial and lateral dorsal subdivisions of posterior parietal cortex receive sparse input from deep layers of all parahippocampal areas. Conversely, all posterior parietal subdivisions project moderately to dorsal presubiculum, whereas rostral perirhinal cortex, postrhinal cortex, caudal entorhinal cortex and parasubiculum all receive sparse posterior parietal input. This indicated that the presubiculum might be a major liaison between parietal and parahippocampal domains. In view of the close association of the presubiculum with the retrosplenial cortex, we included the latter in our analysis. Our data indicate that posterior parietal cortex is moderately connected with the retrosplenial cortex, particularly with rostral area 30. The relative sparseness of the connectivity with the parahippocampal and retrosplenial domains suggests that posterior parietal cortex is only a modest actor in forming spatial representations underlying navigation and spatial memory in parahippocampal and retrosplenial cortex. V C 2016 Wiley Periodicals, Inc.
INTRODUCTION
Since the discovery of place cells in the rat hippocampus (O'Keefe and Dostrovsky, 1971) , the hippocampal formation and the associated parahippocampal region (PHR), have undergone extensive experimental investigation with a strong focus on cell types and networks relevant for navigation. The PHR consists of several distinct subareas, in rats comprising the peri-, post-, and entorhinal cortices, as well as the pre-and parasubiculum. Neurons in several of these parahippocampal areas have spatial properties. For instance, the presubiculum (PrS), parasubiculum (PaS), and the medial entorhinal cortex (MEC) contain head-direction cells, grid cells, and border cells (Taube et al., 1990a; Taube, 1995; Fyhn et al., 2004; Hafting et al., 2005; Sargolini et al., 2006; Solstad et al., 2008; Boccara et al., 2010) . In addition, MEC contains cells responding to the animal's running speed (Kropff et al., 2015) . Moreover, lesions of these areas lead to impairments in tasks that test spatial memory (Morris et al., 1982; Taube et al., 1992; Jarrard et al., 2004; Steffenach et al., 2005) . The retrosplenial cortex (RSC) is reciprocally connected with several areas in the PHR (van Groen and Wyss, 1990a ,b,c, 1992 , 2003 Burwell and Amaral, 1998a; Jones and Witter, 2007; Agster and Burwell, 2009; Kononenko and Witter, 2012; Czajkowski et al., 2013; Sugar and Witter, 2016) and shares some functional properties with spatially and directionally modulated neurons in MEC, PrS and PaS (Chen et al., 1994; Cho and Sharp, 2001; Alexander and Nitz, 2015) .
The rat posterior parietal cortex (PPC) is a higher order, multimodal association area which has been proposed to be involved in numerous functions, including spatial navigation, decision making and directed attention. Lesion studies from several groups in the 1980s described spatial deficits in PPC-lesioned animals, particularly in water maze tasks, with the most common impairment being an error in initial heading angle (Kolb et al., 1983; Kolb and Walkey, 1987; DiMattia and Kesner, 1988 ). Yet, although PPC-lesioned rats have inaccurate trajectories in the water maze, their behavior is clearly goal directed (Save and Poucet, 2000b) . Despite these behavioral observations, data on spatial properties of neurons in PPC are sparse and inconsistent. Recording studies in freely behaving animals revealed cells with head directional properties in PPC (Chen et al., 1994) . These cells were not as sharply directionally tuned as head direction cells in the simultaneously recorded RSC, but were to a larger extent behaviorally modulated, meaning that the directionality of a high proportion of PPC cells (57%) was associated with specific movements such as turns. In contrast, such an association was found in only a few cells in RSC area 30 (19%) and in no cells in RSC area 29. A more recent study confirmed that although cells in PPC were behaviorally modulated, being tuned to specific modes of movement, head directional responses were only sparsely observed and spatial coherence was weak (Whitlock et al., 2012) . In addition, the latter authors noticed that the properties of PPC cells changed according to task demands, being different if the rats ran in an open arena versus in a geometrically structured, so-called hairpin maze. If the rats ran hairpin-like sequences in an open arena, the firing patterns of cells in PPC were similar to those recorded when the rats ran in the actual hairpin maze, further confirming the behavioral modulation of these cells. Other studies have found that modulation of PPC neurons depends on the position of the animal in a labyrinthor spiral-like maze (Nitz, 2006 (Nitz, , 2012 , or the direction to a goal relative to the animal's head (Wilber et al., 2014) . It has therefore been suggested that PPC integrates internal information about self-motion with external information about spatial location to guide navigation (for review, see for instance Whitlock et al., 2008; Save and Poucet, 2009; Whitlock, 2014) . One may thus hypothesize that PPC and PHR might be connected and, indeed, previous studies have described direct connections but indicated that they are sparse (Reep et al., 1994; Burwell and Amaral, 1998a; Agster and Burwell, 2009 ). However, these studies did not investigate whether different subdivisions of PPC might show variations in the strength of their connectivity with the PHR. A complicating factor has been that different delineations of PPC as a whole as well as of its subdivisions have been used, thus confounding the establishment of a generally accepted connectivity scheme. In a previous paper, we described a reliable way to assess borders in the parietal cortical domain and defined PPC and its three subdivisions (Olsen and Witter, 2016 ). In the current study, we set out to describe PPC connections with the parahippocampal and retrosplenial domain in detail, using anterograde and retrograde tracing methods.
MATERIALS AND METHODS

Tracer Injections and Histology
In total, 30 adult female Sprague Dawley rats (Charles River, Sulzfeld/Kisslegg, Germany; 180-230 g at the time of surgery) were used for the anterograde and retrograde tracing experiments. All experimental procedures followed locally approved protocols that adhere to national and EU regulations. The methods for tracer injections, perfusions and histology have been described in detail previously (Olsen and Witter, 2016) . Briefly, under deep gas-induced anesthesia, rats were injected with retrograde and/or anterograde tracers (Fast Blue; Fluorogold; Diamidino Yellow; Phaseolus vulgaris Leucoagglutinin, PHA-L; and 10 kDa Biotinylated dextran amine, BDA). Injections were stereotactically placed, based on a stereotaxic atlas (Paxinos and Watson, 2007) . We aimed to inject in medial, lateral and caudolateral subdivisions of PPC (mPPC, lPPC, and PtP, respectively) as well as the medial and lateral divisions of the secondary visual cortex (V2M and V2L, respectively). Retrograde tracers were pressure injected into the brain through 1 ml Hamilton syringes. Iontophoretic injections of anterograde tracers were performed using glass micropipettes (alternating currents, 6 s on/6 s off, 6 mA for BDA and 7 mA for PHA-L). Upon completion of injections, the wound was cleaned and sutured, and the animal was put back in its home cage.
After a survival period of 1-2 weeks, animals were deeply anesthetized and perfused transcardially with a Ringer solution (pH 6.9, 378C) followed by a solution of freshly depolymerized 4% paraformaldehyde in phosphate buffer (pH 7.4). The brains were extracted and postfixed overnight in the same fixative at 48C. After being cryoprotected in a DMSO/glycerol solution at least overnight, six equally spaced series of 50 mm coronal sections were cut on a freezing microtome. One series was mounted on Superfrost plus-slides and stained with cresyl violet for cytoarchitectural orientation. For brains containing fluorescent retrograde tracers, one series was mounted on uncoated microscope slides for analysis of labeling without any further processing. For brains containing anterograde tracers, one series was stained for BDA and/or PHA-L using the fluorochromes AlexaFluor V R 488 and AlexaFluor V R 546. Sections were mounted on uncoated microscope slides, dried, dehydrated in increasing concentrations of ethanol and coverslipped using Entellan as mounting medium. For some brains, additional series were processed to visualize one of the anterograde tracers, using 3,3 0 -Diaminobenzidine tetrahydrochloride (DAB) as the chromogen.
The injection sites have been described in detail elsewhere (Olsen and Witter, 2016) . Representative cases were selected for illustration of labeling patterns. For cases injected with retrograde tracers, mounted sections were investigated using a Carl Zeiss Axio Imager M2 microscope (Carl Zeiss Microscopy, Jena, Germany) with reflected fluorescent light of appropriate wavelength, connected to a camera that allowed to display a live image on the computer screen. The outline of selected sections and the distribution of retrogradely labeled neurons were mapped using Neurolucida (MicroBrightField, Colchester, VT). Using Adobe Illustrator CS6 (Adobe Systems Incorporated, San Jose, CA), these Neurolucida images were overlaid with images of Nissl stained sections at the corresponding level from the same brain to delineate subdivisions of PHR and RSC and to represent the distribution of labeled neurons within them.
Cases with injections of anterograde tracers were scanned using a Mirax-midi scanner (objective 203, NA 0.8; Carl Zeiss Microscopy), using either reflected fluorescence (for sections stained with a fluorophore) or transmitted white light (for sections stained with DAB and/or Cresyl Violet) as the light source. Pictures of the regions of interest were exported as high resolution tif-files, cropped and adjusted in Adobe Photoshop CS6 (Adobe Systems Incorporated). For analysis of labeled fibers in the PHR, the pictures were converted to PNG files, while for analysis of labeled fibers in RSC brightness and contrast were adjusted. Subsequently, the pictures were imported into Adobe Illustrator, where they were overlaid with images of Nissl stained sections at the corresponding level from the same brain in which borders had been outlined for the regions of interest. In such maps of PHR, anterogradely labeled fibers were traced.
Virus Injections and Histology
These experiments were performed in the laboratory of Dr. T. Iijima at the Tohoku University in Sendai, Japan, under the supervision of Dr. S. Ohara. Subjects were seven male adult Wistar rats (Kumagai-shigeyasu Co., Ltd, Miyagi, Japan) weighing 210-250 g at the time of surgery. Before surgery, animals were injected intraperitoneally with ketamine (60 mg/kg, Daiichi Sankyo Co., LTD, Tokyo, Japan) and xylazine (4.8 mg/kg, Bayer Yakuhin LTD, Osaka, Japan) to induce general anesthesia, as well as Atropine Sulfate (0.5 mg/kg, Mitsubishi Tanabe Pharma, Osaka, Japan). To maintain the anesthesia, additional doses of ketamine were administered intramuscularly every 20-30 min during the surgery. Under sterile conditions, deeply anesthetized rats were fixed in a stereotaxic frame (Narishige, Tokyo, Japan). An incision of the skin was made along the midline of the skull, the skin was retracted and a burr hole was drilled at the appropriate coordinate using the midsagittal and transverse sinuses as reference points. A previously described genetically modified rabies virus inserted with two genes for enhanced green fluorescent protein (EGFP) was used for transsynaptic retrograde tracing (rHEP5.0-CVSG-EGFP32, 1.0 3 108 ffu/ml; mixed 9:1 with a 10% solution of the blue dye Pontamine Sky Blue, Avocado Research Chemicals Ltd, Lancashire, UK; see Inoue et al., 2004; Ohara et al., 2009 ). 100 nl virus/dye mix was pressure injected into the MEC of the right hemisphere through a glass micropipette fixed to a 1 ml Hamilton needle at a rate of 20 nl per minute. Upon completion of the injection, the pipette was left in place for an additional 15 min before being retracted from the skull. The burr hole was cleaned and filled first with Vaseline and then dental cement (GC Corporation, Tokyo, Japan) before the wound was cleaned and closed with clips (World Precision Instruments, Sarasota, FL). Each operated animal was put singly into a cage with sufficient food and water for up to a week, and the cage was placed in a ventilated, enclosed biosafety cabinet. After a survival time of 2-5.5 days, animals were anesthetized and perfused transcardially in a ventilated hood with 10% sucrose followed by the 4% paraformaldehyde solution described above. The brains were extracted and postfixed in the same fixative, then cryoprotected in 30% sucrose until equilibrium. The brain hemispheres were split along the midsagittal line, and using a freezing microtome (Leica Microsystems, Wetzlar, Germany), 50 mm sections were prepared in six equally spaced series. The injected hemisphere was cut sagittally, and the contralateral hemisphere was cut coronally.
For each hemisphere, one series was immunostained against green fluorescent protein (GFP) which was expressed in virus infected cells. Free floating sections were rinsed in phosphate buffered saline (PBS), blocked with 3% H 2 O 2 for 10 min, rinsed in PBS, and incubated for 1 h in immunobuffer (PBS containing 5% normal goat serum, 0.05% NaN 3 , and 0.1% Triton X-100). Next, the sections were incubated with rabbit anti-GFP (1:3,000; Invitrogen, Molecular Probes, Eugene, OR; cat# A11122, RRID:AB_10073917) in immunobuffer for 20 h at 48C and rinsed in PBS containing 0.1% Triton X-100 (PBT). With rinses in between, the sections were subsequently incubated with biotinylated goat anti-rabbit (Jackson Immuno Research Laboratories, West Grove, PA) for 2 h at room temperature, with ABC (Vector laboratories, Burlingame, CA) for 4 h at room temperature, and finally with DAB intensified with Ammonium Nickel (II)-Chloride Hexahydrate (Wako, Osaka, Japan). After being rinsed with PBS, the sections were mounted on coated microscope slides, dehydrated in increasing concentrations of ethanol and coverslipped using VectaMount AQ Aqueous Mounting Medium (Vector laboratories). To obtain cytoarchitectural delineations, one series of each brain was Nissl stained using Thionin or stained for neuronal nuclei using a standard immunohistochemical protocol with DAB as the final reaction product (primary antibody mouse antiNeuN 1:1,000, Millipore, Billerica, MA; cat# MAB 377, RRID:AB_2298772).
Stained sections were scanned using an automated Miraxmidi scanner with transmitted white light as the light source. For two representative cases, high resolution tif-images of the regions of interest were exported, and Adobe Photoshop was used to turn them into pseudo darkfield images for better contrast. The images were overlaid with pictures of adjacent NeuN stained sections in Adobe Illustrator and PPC was outlined.
RESULTS
Delineation of Target Areas
In this paper we have investigated the connections of the PPC with the PHR and the closely associated RSC. We denominate the layers of PHR and RSC with roman numerals, whereas layers of neocortical areas are denominated with Arabic numbers. We have previously described the three subdivisions of PPC in detail based on cytoarchitectural delineations and thalamic connections (Olsen and Witter, 2016) . PPC is located dorsally in the brain, between the somatosensory and occipital domains, and contains a medial (mPPC), a lateral (lPPC), and a caudolateral (PtP) subdivision (Fig. 1a) . In mPPC, lamination is poorly developed and cells are homogenously distributed throughout the cortex. The laterally adjacent lPPC appears more laminated, mainly due to layer 5 being slightly less populated. The most lateral and caudal subdivision, PtP, contains even fewer cells in layer 5, and weakly stained layer 3/4 cells in Nissl stained sections.
The rat PHR (Fig. 1b) comprises several distinct subareas, namely the perirhinal (PER), postrhinal (POR), and entorhinal (EC) cortices, as well as the presubiculum (PrS) and parasubiculum (PaS). PER can be further subdivided into a ventrally situated area 35 and a dorsally located area 36, while EC comprises a lateral and medial subdivision (LEC and MEC, respectively). To delineate the PHR, we relied on a recent description in which all subdivisions have been delineated in three standard planes, coronal, horizontal and sagittal (Boccara et al., 2015) . PER is located on the banks and in the fundus of the rhinal fissure, and is overall poorly laminated. This is in contrast to its rostral neighbor the insular cortex, which has a striking trilaminar appearance, and overlies the claustrum. A distinguishing feature of area 35 is its large, darkly stained, heart-shaped pyramidal cells in layer V, while area 36 is characterized by a thick, bilaminate layer VI. Caudal to PER one finds POR, which for the most part is situated dorsal to the rhinal fissure. In coronal sections, POR emerges at the caudal pole of the angular bundle at a level where subicular cells are no longer visible. POR has an even poorer laminar organization than PER, and appears quite homogenous, although patches of layer II cells extend into layer I, giving the most superficial cell layer an irregular appearance. Dorsal to both PER and POR is the temporal cortex, which appears more laminated than its ventral neighbors. Ventral to PER and POR, EC is located, which sits dorsal and caudal to the piriform cortex. Although EC has been subdivided in several fields, we will use only the two main portions, LEC and MEC. A distinguishing feature of EC that is not seen in PER or POR is the cell sparse lamina dissecans between the middle cell layers III and V, as well as larger cells in layer II. The lamina dissecans is better developed in MEC than LEC, in addition, LEC layer II contains smaller and more lightly Nissl stained cells that are not as densely packed as in MEC layer II. The lamina dissecans is also apparent in the adjacent PaS and PrS. In PaS, layers II and III merge and consist of large, lightly stained pyramidal cells. In ventral PrS, cells in superficial layers II and III are smaller than in PaS, and densely packed. The dorsal portion of PrS (named postsubiculum by some, for instance van Groen and Wyss, 1990c ) is characterized by a thin layer II which contains small, darkly stained neurons that are grouped into clusters.
RSC constitutes the midline wall in the caudal half of the cerebrum (not shown) and is generally subdivided in two main portions (Sugar et al., 2011) . In the ventrally situated granular portion (area 29), cells in layers II and III are small, granular and very densely packed. Layer V contains small-to-medium sized pyramidal cells. In the dorsally adjacent dysgranular RSC (area 30), superficial layers are wider, but layers II and III are still difficult to distinguish from each other. The pyramidal cells of layer V in area 30 are bigger than in area 29, and appear radially organized. In coronal sections, secondary motor cortex (M2) is positioned lateral to RSC at rostral levels. M2 layer 5 is more densely packed, and layers 2/3 are wider than in area 30. M2 is caudally replaced by the medial portion of secondary visual cortex (V2M), which protrudes more rostrally than the rest of the visual cortex. In coronal sections it first appears as a thin strip of cortex where cells are distributed homogeneously through the whole depth of the cortex and layers are poorly developed. The exact transition between M2 and V2M is difficult to discern in coronal sections. At levels caudal to the splenium of the corpus callosum, the ventrally neighboring PrS is distinguished from RSC by the characteristic lamina dissecans (see description above).
Retrograde Tracing of Projections from PHR to Dorsal Association Areas
We analyzed 11 injections of retrograde tracers in the parietal and occipital domains of the cortex, seven of which were in PPC (four in mPPC, three in lPPC) and four in V2M. In all cases, retrogradely labeled cells were observed in several of the Cortical delineations. Schematic representation of the position and subdivision of the caudal association cortex (A) and PHR (B) in rat, according to Olsen and Witter (2016) and Boccara et al. (2015) , respectively. [Color figure can be viewed at wileyonlinelibrary.com] parahippocampal areas, with most of the labeled cells located in deep layers. The largest proportion of labeled cells was found in the hemisphere ipsilateral to the injection site. In general, cells in the PHR showed weaker labeling than cells in other areas of the cortex at the same rostrocaudal level (not illustrated).
Injections in PPC
After an injection of Fast Blue with its core placed rostrally in mPPC (Fig. 2) , we observed retrogradely labeled cells mainly in deep layers of PHR. PER areas 36 and 35, and POR contained labeled cells in superficial layer VI as well as layer V along their full rostrocaudal extents ( Fig. 2a-f ), only occasionally were labeled cells found in superficial layers. In both PER and POR, labeled cells were distributed along the entire dorsoventral axis. In LEC and MEC, we noted sparsely distributed labeled cells superficially in layer V ( Fig. 2a-e) , throughout the rostrocaudal and mediolateral extents, but more densely clustered close to the rhinal fissure, dorsally in LEC as well as caudally in MEC. A few labeled cells were found in deep layers of dorsal PrS (not shown) and the ventral portion of PaS (Fig.  2e) . In regions adjacent to PHR, a few labeled cells were seen in the banks and fundus of the rhinal fissure rostral to PER and LEC, in caudal portions of insular and piriform cortices (not shown). Notable labeling was also found in temporal cortical areas dorsal to PHR, especially at rostral levels. Contralateral labeling was overall sparse but homotopic to ipsilateral labeling and present in layer V. The distribution of contralaterally labeled cells was very sparse in PER, POR, and PaS, whereas comparably more labeled cells were observed in LEC and MEC. Other cases with injection of tracer into mPPC confirmed this labeling pattern. Prominent in all cases was a patch of labeled cells in LEC and MEC close to the rhinal fissure which was consistently found in both hemispheres. Also in all four cases, a few labeled cells were found in the ipsilateral CA1 and subiculum of the hippocampal formation (not shown). Both pyramidal cells and interneurons, as judged by their laminar position (Cappaert et al., 2015) , were labeled and they were observed at all dorsoventral levels of subiculum but mainly at intermediate dorsoventral levels of CA1. A large injection of Fast Blue centered caudally in lPPC but extending into neighboring cortical areas (Fig. 3) yielded results similar to those seen after injection of tracer in mPPC, and retrogradely labeled cells were observed in several parahippocampal areas mainly in deep layers. Rostrally in area 36, labeled cells were seen in all cell layers ( Fig. 3a) whereas more caudally labeled cells were located in deep layers and the density of labeled cells tapered off (Fig. 3b,c) . In area 35 a few labeled cells were densely packed in layer VI rostrally (Fig. 3a) , while sparser labeling was seen in layers V and VI at more caudal levels. In POR, labeled cells were abundant deep in layer V . No preference for dorsal versus ventral PER or POR could be discerned. Similar to what was seen after injections of tracers centered in mPPC, labeled cells in EC after an injection in lPPC were observed mainly superficially in layer V of LEC and MEC throughout their rostrocaudal extents, with a higher concentration of cells close to the rhinal fissure ( Fig. 3a-f ). A few labeled cells were found in dorsal PrS as well as PaS (not shown). Dorsal to PHR, labeled cells were observed in temporal cortical areas, particularly at rostral levels, in addition to visual cortices at the most caudal levels. Rostral to PHR, labeled cells were observed caudally in insular and dorsal piriform cortices surrounding the rhinal fissure. Contralaterally, labeled cells were mainly seen in POR, LEC and MEC, while PER, PrS and PaS were devoid of labeling. In two other cases, Fluorogold was injected into lPPC. These injections were smaller than the one described in detail, resulting in overall sparser, but similarly distributed labeling. Labeled cells were found in deep layers of rostral PER, POR, LEC, MEC and PaS in the hemisphere ipsilateral to the injection, while contralateral labeling was virtually absent. Contrary to mPPC injections, no labeled cells were observed in the hippocampal formation after injection into lPPC. In cases where two different tracers were injected into mPPC and lPPC, labeled cells from the two injections were largely intermingled within PHR and occasionally double labeled cells were observed (not illustrated).
Injections in V2M
The borders of PPC with secondary visual areas V2M and V2L are quite difficult to unequivocally establish in the rat brain. Although we have established criteria to delineate these areas from each other (Olsen and Witter, 2016) , we wanted to assure that we did not miss out on PPC connections, or erroneously ascribe labeling to PPC injections while that should actually be a component of the connectivity patterns of V2. We therefore included available retrograde tracer injections in V2M as well as anterograde tracer injections (described below) in V2M and V2L. An injection of Fast Blue in V2M (Fig. 4) yielded retrogradely labeled cells in several of the parahippocampal areas. Rostrally in PER, the density of labeled cells was high in deep layers of both areas 36 and 35 (Fig. 4a) , but quickly tapered off more caudally (Fig. 4b,c) . Labeled cells were also observed in superficial layers (Fig. 4a,b) . In POR, densely packed labeled cells were seen in deep layers (Fig.  4e,f ) , however, at the caudal pole a few cells were labeled in superficial layers as well (Fig. 4f ) . Labeled cells in EC were sparsely distributed in both the medial and lateral divisions, and were mainly found superficially in layer V close to the rhinal fissure (Fig. 4a-e) , similar to the labeling seen in PPC cases described above. Only a few labeled cells were observed in deep layers of dorsal PrS (not shown) and PaS (Fig. 4e) . In areas adjacent to PHR, sparse labeling was seen in caudal insular, dorsal piriform, temporal and visual cortices. Contralaterally, labeled cells were sparsely present in rostral PER as well as in LEC, POR, and MEC. In three other cases, tracer was injected into V2M. One case had an injection of Fluorogold placed more rostrally, and the labeling pattern was similar to the described case. In two cases, the injection sites were placed slightly more medially and extended less along the rostrocaudal axis than the described case. Both cases had comparably fewer labeled cells in the PHR that however were distributed similar to the described case.
Anterograde Tracing of Projections from Dorsal Association Cortices to PHR
We analyzed 30 injections of anterograde tracers in the parietal and occipital domains of the cortex, of which 22 were in PPC (seven in mPPC, nine in lPPC, six in PtP), seven in V2M, and one in V2L. In general, most of the anterograde labeling was found ipsilaterally with the highest density of labeled fibers in superficial layers of the dorsal PrS as well as deep layers of the caudal pole of the cortex. 
Injections in PPC
After an injection of PHA-L rostrally in mPPC (Fig. 5) , a low number of labeled fibers was found in layers I, III, and VI rostrally in area 36 (Fig. 5a,b) . No labeling was seen caudally in area 36 (Fig. 5c,d ), nor in area 35 (Fig. 5a-d) . Labeled fibers were also observed in temporal cortex dorsal to PER, particularly at rostral levels. At caudal levels of the brain, labeled fibers extended from the white matter and reached the deep layers of POR and EC, as well as PaS (Fig. 5e) . Only a few labeled fibers were observed more superficially in these areas (Fig. 5e) . At rostral levels of PrS, labeled fibers were densely distributed in layers I and III of the dorsal portion (Fig. 5g,h) , with a few fibers in layer VI. The density of labeling in PrS quickly tapered off at more caudal levels (Fig. 5i) . No labeled fibers were observed in the contralateral PrS, PER, POR or EC. A few fibers were found in layer I of PaS contralaterally, running parallel to the pial surface (not shown). The remaining anterograde tracer injections in mPPC confirmed this pattern of labeling. Labeled fibers were consistently found in layers I and III of dorsal PrS, while the density of labeling in PER and caudal PHR was generally weak and varied between cases.
An injection of PHA-L in lPPC (Fig. 6 ) resulted in sparse labeling primarily rostrally in PER, with slightly more labeled fibers in area 35 than in area 36 (Fig. 6a) . Labeling was stronger more rostrally in the fundus of the rhinal fissure, i.e., in insular cortex (not shown), whereas caudal sections through PER did not contain labeled fibers (Fig. 6b,c) . Similar to what was seen after anterograde tracer injections in mPPC, at caudal levels a moderately dense plexus of labeled fibers was observed extending from the white matter into deep layers of POR, EC, PaS, and PrS (Fig. 6e) . At the most caudal levels of the cortex, some fibers traveled along the POR/EC border and upon reaching layer I of MEC turned ventrally and extended for quite a distance parallel to the pial surface (Fig. 6e,f ) . At these levels, labeled fibers were also observed in layer I of PaS (Fig. 6f ) . Aside from the sparse labeling in layer VI of caudal PrS, labeling in PrS was focused dorsally and rostrally in layers I and III (Fig. 6g,h ). Contralaterally, a few labeled fibers were found in rostral PER and PrS (not shown). Other injections in lPPC showed comparable patterns of labeling in PHR. Similar to what was seen after injections of anterograde tracers in mPPC, labeling was consistently seen in layers I and III of dorsal PrS, while the density of labeling in PER and caudal PHR varied between cases.
Following an injection of PHA-L into area PtP (Fig. 7) , sparse labeling was observed mainly rostrally in PER (Fig. 7a) , which continued more rostrally through the fundus of the rhinal fissure and grew stronger in the insular cortex where a dense plexus of labeled fibers was seen in layers 1, 3, and 5 (not shown). In areas 35 and 36, labeled fibers were found mainly in layers I and III, but also in layer VI of the rostral portion (Fig. 7a,b) . Similar to the cases described above, PER labeling quickly tapered off at more caudal levels, but a few labeled fibers persisted in layer I of area 35 on the border with LEC (Fig. 7c) . This pattern continued even more caudally, as PER was replaced with POR ( Fig. 7d) . At this and more caudal levels, fibers were observed to extend from the white matter, reaching the deep layers of POR and following the border with EC to terminate in layers I, III, and V of LEC and layer I and III of MEC (Fig. 7e,f ) . The labeled fibers on the POR/EC border were present also at more caudal levels to that in Fig.  7f , extending to the pole of the hemisphere (not shown). In addition, a dense patch of labeled fibers was seen in layer I of PaS at caudal levels (Fig. 7e,f ) . The injection in PtP also gave rise to dense labeling in PrS (Fig. 7g-i) . As described previously for mPPC and lPPC cases, in the PtP case the labeling was focused in layers I and III dorsally and rostrally in PrS, tapering off at more caudal and ventral levels. Contralaterally, a few labeled fibers were seen in layer I at the border between area 35 and LEC. Caudally in the contralateral hemisphere fibers were found extending from the white matter along the POR/ EC border, reaching layer I at the caudal pole of the cortex. Other injections in PtP showed comparable patterns of labeling in PHR with labeling in dorsal PrS layers I and III being consistent, whereas labeling in caudal PHR varied between cases.
Injections in V2
An injection of PHA-L into V2M (Fig. 8 ) resulted in sparse labeling rostrally in PER areas 36 and 35 (Fig. 8a) . Labeled fibers were concentrated in layer V/VI especially in area 35, although some reached layers I and III of both areas. Labeling was also seen deep to the rhinal fissure at more rostral levels, in insular cortex, but abruptly disappeared in PER at more caudal levels (Fig. 8b,c) . More caudally, fibers reached layer VI of POR and EC as well as PaS (Fig. 8e) . In the latter two areas, fibers were also observed in layer V, and in PaS some reached layer I (Fig. 8e) . At very caudal levels, labeled fibers also reached layer I of POR and MEC (Fig. 8f ) . Labeling in PrS was shifted slightly more caudal after injection of tracer into V2M compared with what was observed following injections in PPC. Similar to injections in PPC, labeling was densest in layers I and III, but there were also several labeled fibers in layer VI (Fig. 8g-i) . Although the labeling was strongest dorsally in PrS, a number of labeled fibers extended ventrally through layers I and III, parallel to the pial surface, reaching the border with PaS (Fig. 8h,i) . Contralaterally, a few fibers were found rostrally in PER. Other injections in V2M resulted in comparable patterns of anterograde labeling in the PHR. Similar to injections of anterograde tracer in PPC, tracer injections in V2M consistently yielded labeling in layers I and III of dorsal PrS. Different from what was seen after injections of tracers in PPC, some V2M cases had labeled fibers running through superficial layers of ventral PrS as described above. In addition, while the POR labeling in PPC cases was largely confined to layer VI at caudal levels, some V2M cases had notably higher density of labeled fibers in more superficial layers of POR. Only one anterograde tracer injection into V2L was available (not illustrated). This BDA injection resulted in a labeling pattern similar to that seen in cases of tracer injections into V2M.
Lack of strong direct projections from PPC to MEC
The anterograde data indicated that projections from PPC, and other dorsal association cortices, to MEC are sparse. In view of the potential functional relevance of interactions between PPC and MEC (Whitlock et al., 2008; Whitlock, 2014; Wilber et al., 2014) , we decided to corroborate this observation with the use of sensitive transsynaptic viral tracing with rabies virus. We analyzed seven injections of a genetically modified rabies virus in MEC. Disynaptic transport of the virus was apparent after 4 days survival time, at which point cases displayed labeled cells in the contralateral hippocampus that became more numerous with increased survival time (Ohara et al., 2009 ). In one animal, the virus injection involved superficial layers of dorsal MEC, and allowing time for only monosynaptic transport (2 days), just a few labeled cells were seen in PPC (Fig. 9a) . In another animal, the injection of virus was also centered in superficial layers of MEC and was placed slightly more laterally than the first case. This animal survived for 5 days post infection to allow for disynaptic transport and in this case, some labeled cells were found in layer 5 medially in PPC, but labeled cells were also seen in layers 3 and 6 at more lateral levels (Fig. 9b) . In both cases, relatively higher numbers of labeled cells were observed in the caudally adjacent visual areas compared with PPC. These observations thus corroborate the finding that PPC only sparsely projects to MEC. It is noteworthy that the retrograde rabies tracing showed substantial labeling in dorsal PrS, caudal PaS, POR, and RSC already after 2 days (not shown), corroborating that these areas provide major inputs to MEC (Caballero-Bleda and Witter, 1993 Witter, , 1994 van Haeften et al., 1997; Burwell and Amaral, 1998a,b; Jones and Witter, 2007; Canto et al., 2012; Kononenko and Witter, 2012; Czajkowski et al., 2013; Koganezawa et al., 2015; Sugar and Witter, 2016) . In view of the observed labeling in all of these areas following anterograde tracer injections in PPC, we infer that PPC might influence MEC most likely by way of these four areas. We therefore decided to use the available experimental dataset to also analyze the connectivity between PPC and RSC.
Connections with RSC
Injections of retrograde and anterograde tracers in parietal and secondary visual cortices generally yielded moderate labeling in ipsilateral area 30, the dysgranular portion of RSC, while less labeling was seen in area 29. Overall, PPC and V2 areas projected to a more restricted portion of RSC than they received input from. In most cases we observed labeling also in contralateral rostral RSC, which was sparse but consistently homotopic to the strongest ipsilateral labeling and confined to area 30.
Injections in PPC
A representative injection of Fast Blue centered rostrally in mPPC (Fig. 10, inset 1 , panels a-f ) resulted in retrogradely labeled cells that were situated mainly in the rostral half of area 30. The majority of labeled cells were seen in layer V, but some labeled cells were also observed in layers II/III. At the level of the splenium of the corpus callosum, labeled cells were seen in all layers (Fig. 10d) . Also at this level, labeled cells were observed in superficial and deep layers of area 29, close to the border with area 30, but little labeling was seen at more caudal levels. In adjacent cortices, strong labeling was seen in the caudal tail of M2 (Fig. 10a,b) . More caudally, a substantial number of labeled cells were situated in all layers of V2M along the rostrocaudal axis (Fig. 10c-f ). Other cases with Direct and transsynaptic PPC input to PHR. Pseudo-darkfield images of sagittal sections arranged from medial (top) to lateral (bottom) containing retrogradely labeled neurons in the cortex after injections of a modified rabies virus in MEC at a survival time of 2 (A) or 5 (B) days, allowing for mono-and disynaptic tracing, respectively. Note the very low number of labeled neurons in PPC after 2 days (A) and the increased number of labeled cells after 5 days (B). Scalebar 500 mm. mPPC-RSC connections. Labeling in RSC after injection of a retrograde tracer (Fast Blue, inset 1, panels a-f ) or an anterograde tracer (PHA-L, inset 2, panels g-l) in mPPC. a-f and g-l: Series of coronal sections arranged from rostral to caudal, showing higher magnifications of the boxed area of RSC. Solid lines represent borders between retrosplenial and neighboring areas, while dashed lines represent borders between layers I and II/III, and between layers II/III and V/VI. Labeling is prominent in rostral area 30. In A, the filled gray outline represents very dense clustering of labeled cells in caudal M2 and the adjacent M1. Insets show the injection sites in a coronal section and a rendering of the dorsal caudal cortex as outlined in Figure 1a , where the black filled outline represents the core of the injection site. Scalebar (in G) 500 mm.
injections of retrograde tracers in mPPC largely confirmed this labeling pattern. In one case, with the injection site located more caudally in the cortex, impinging on V2M, labeled cells were observed throughout the rostrocaudal extent of area 30 and extended through most of area 29 along the dorsoventral and rostrocaudal axes. lPPC-RSC connections. Labeling in RSC after injection of a retrograde tracer (Fluorogold, inset 1, panels a-f ) or an anterograde tracer (BDA, inset 2, panels g-l) tracer in lPPC. a-f and g-l: Series of coronal sections arranged from rostral to caudal, showing higher magnifications of the boxed area of RSC. Solid lines represent borders between retrosplenial and neighboring areas, while dashed lines represent borders between layers I and II/III, and between layers II/III and V/VI. Labeling is focused particularly rostrally in area 30. In C, the filled gray outline represents a dense cluster of labeled cells in V2M. Insets show the injection sites in a coronal section and a rendering of the dorsal caudal cortex as outlined in Figure 1a , where the black filled outline represents the core of the injection site. Scalebar (in G) 500 mm.
An anterograde PHA-L injection in mPPC (Fig. 10, inset 2 , panels g-l) resulted in labeled fibers which extended from the white matter to the pia, terminating densely in layers I and III of area 30 (Fig. 10g,h,l) . These fibers protruded ventrally, eventually crossing the border to area 29, terminating sparsely in superficial layers. The majority of labeling was found at rostral levels, although a sparse plexus was also observed caudally (Fig.  10l) . We further noted dense labeling in the caudal portion of M2 (Fig. 10g) . As M2 was replaced by V2M, the labeling disappeared (Fig. 10h,i) , however, labeled fibers were visible more caudally in V2M (Fig. 10j-l) . Other cases of anterograde tracer injections in mPPC confirmed this pattern, showing a moderately dense cluster of labeled fibers rostrally in area 30 and sparse labeling in area 29. In three cases that had injection sites located more caudally in mPPC, labeled fibers in area 30 extended continuously to levels caudal to the splenium.
An injection of the retrograde tracer Fluorogold in lPPC (Fig. 11, inset 1 , panels a-f ) resulted in retrogradely labeled cells in area 30, the highest concentration of labeled cells was found at rostral levels. Similar to the above described injection in mPPC, labeled cells were mainly situated in layer V and only a few labeled cells were observed in superficial layers (Fig.  11a-e) . Only one labeled cell was observed in area 29. We additionally observed labeled neurons in caudal M2 as well as V2M, mainly in layers 2/3 and 5 (Fig. 11a-f ) .
In a representative case, BDA was injected in lPPC (Fig. 11 , inset 2, panels g-l) and a sparse plexus of anterogradely labeled fibers was observed in RSC area 30 (Fig. 11g) , extending from the white matter and terminating mainly in layers I, superficial V and VI. The labeling was restricted to only the most rostral sections (Fig. 11g,h ) and no labeled fibers were observed in area 29. Lateral to RSC, sparse labeling was seen mainly in deep layers in the caudal extreme of M2 (Fig. 11g,h) , and in layer 6 of the lateral portion of V2M (Fig. 11i,j) . The weak V2M labeling was shifted more rostrally than in case of injections into mPPC. All other cases with injections of anterograde tracer in lPPC contained a sparse to moderately dense plexus of labeled fibers in area 30. In some cases, labeled fibers were observed in area 29, but the density of labeled fibers in area 29 was always much weaker than in area 30.
Regarding PtP, we unfortunately did not obtain an injection of a retrograde tracer so we only had successful injections of anterograde tracers in PtP. Due to the limited mediolateral extent of this parietal area, tracer injections extended into either the medially adjacent V2L or the laterally adjacent S1. In a representative case, having an injection impinging on V2L (Fig. 12 , inset 1, panels a-f), a sparse plexus of PHA-L labeled fibers was seen in area 30 at rostral levels (Fig. 12a,b) . The fibers terminated mainly in layer I but individual fibers were seen in other layers as well. Notable labeling was also seen rostrally in area 29, mainly in layers I and VI (Fig. 12a,b) . On the other hand, the laterally adjacent M2 and V2M contained only scattered labeled Figure 1a , where the black filled outline represents the core of the injection site. Scalebar (in G) 500 mm. fibers ( Fig. 12a-f) . Two other injections in PtP impinged on V2L as well (not shown), and yielded similar results. In contrast, three injections were placed more laterally and extended into S1 (not shown). One of these contained sparse labeling in area 30, whereas two others contained only a few labeled fibers in RSC. It is therefore possible that the observed labeling in areas 30 and 29 in the described case was a result of the tracer injection extending into V2L which projects to RSC (see below).
Injections in V2
A representative injection of Fast Blue in V2M (Fig. 13, inset  1 , panels a-f ) yielded similar results as the above described injections in PPC subdivisions, as the majority of retrogradely labeled cells were located in layer V of area 30, with fewer labeled cells situated in superficial layers (Fig. 13a-f) . However, the rostrocaudal location of the labeled cells appeared to be shifted to a more caudal level than in the PPC cases, since there were few labeled cells at the most rostral level (Fig. 13a ) and labeled cells were observed at levels several millimeters caudal to the splenium of the corpus callosum ( Fig. 13d-f) . Similarly, labeled cells in area 29 were observed across a wide rostrocaudal extent ( Fig. 13b-e) . Clusters of labeled cells were also observed in layers 2/3 and 5 of V2M at several rostrocaudal levels (Fig.  13c,e,f) , representing intrinsic secondary visual connections, whereas the caudal portion of M2 was devoid of labeling. Other injections of retrograde tracer in V2M yielded similar results.
Injections of anterograde tracers in V2M resulted in moderate labeling in RSC, which was shifted slightly caudal to the labeling seen in case of injections in PPC. In a representative case, PHA-L was injected rostrally in V2M (Fig. 13, inset 2 , panels g-l). Only scattered PHA-L labeled fibers were found at the most rostral levels of area 30 (Fig. 13g) , but more caudally a moderate plexus of labeled fibers was seen (Fig. 13h,i) terminating mainly in layers I and VI. The labeling tapered off at the level of the splenium of the corpus callosum (Fig. 13j ) and disappeared at more caudal levels (Fig. 13k,l) . Fibers extended ventrally, reaching area 29 (Fig. 13h-j) . Very few labeled fibers were observed in caudal M2 (Fig. 13g) , whereas intrinsic projections to visual areas were notable especially at midrostrocaudal levels of V2M (Fig. 13j) . All other cases with injections of anterograde tracer in V2M yielded a moderate to dense plexus of labeled fibers in area 30 that in most cases extended continuously from rostral levels to levels caudal to the splenium. Labeled fibers were also consistently found in area 29, but the density of this labeling varied between cases. A case of BDA injection in V2L (not shown) resulted in similar labeling as tracer injections in V2M, with labeled fibers distributed mainly in layers I and VI of area 30.
DISCUSSION
The PPC and V2 and their respective subdivisions are cytoarchitectonically distinct areas with different thalamic connections (Olsen and Witter, 2016) . It is therefore noteworthy that all areas appear to be reciprocally connected to all divisions of the PHR and to RSC area 30, albeit with subtle topographical differences (Fig. 14) . The connections with PrS and PaS are biased towards PPC and V2 projecting to both areas, while the return projections seem to be much weaker, or almost absent. Overall, projections from PPC and V2 to EC seem to be among the weakest of all, while return projections originate mainly from the most dorsolateral and caudal domains of EC. We further noted that connections of PPC and V2 with PER are preferentially with a rostral domain and in some instances extending beyond what we consider the rostral border of PER, thus invading the adjacent insular cortex. We reported the labeling pattern observed from approximately 4 mm caudal to bregma. At that level, claustral cells were no longer observed, and the trilaminar appearance of the insular cortex was completely disintegrated. More rostral labeling coincided with a more laminated structure of the cortex and the appearance of a few claustral cells, presented as a thin sheet deep to the cortex. These features to us indicate that this is insular cortex. However, the exact rostrocaudal level at which the insular cortex disappears and PER appears in the rat brain is debated (Burwell, 2001; Paxinos and Watson, 2007; Kjønig-sen et al., 2011; Boccara et al., 2015) .
Connections of Dorsal Association Cortices with Parahippocampal Areas
Parahippocampal input to dorsal association cortices
Both PPC and V2 appear to receive input predominantly from deep layers of PER, POR, and EC, while PrS and PaS seem to originate only sparse projections to these dorsal association cortices. These results largely confirm findings from previous studies (Miller and Vogt, 1984; Reep et al., 1994; Agster and Burwell, 2009) but in the present study we add details on the topographical distributions of these projections. Our data show that mPPC, lPPC and V2M all receive inputs that originate mainly in rostral PER as well as POR. Moderate to dense projections to PPC and V2 from POR have previously been described in an extensive study of PHR efferents using anterograde tracers (Agster and Burwell, 2009 ). These authors also reported sparse input from area 35 and moderate input from rostral area 36 to mPPC and lPPC. Contrary to our results, however, they concluded that caudal area 36 provides the main PER input to V2M whereas our retrograde data indicate only a weak caudal PER input to V2M. This apparent discrepancy is most likely caused by limitations of anterograde tracing and it is plausible that the caudal PER injections of Agster and Burwell (2009) also involved rostral POR which, as mentioned above, originates moderate projections to PPC and V2. The origin of PER and POR projections to dorsal association areas in deep layers is in line with previous studies which in addition have shown that they terminate in superficial layers (Miller and Vogt, 1984; Reep et al., 1994; Agster and Burwell, 2009 ), although POR projections to visual cortices terminate across superficial and deep layers (Agster and Burwell, 2009 ).
Our data corroborate several studies employing anterograde and retrograde tracers in showing that EC provides only sparse input to dorsal association areas, originating in EC layer V (Swanson and Kohler, 1986; Insausti et al., 1997; Agster and Burwell, 2009; Wilber et al., 2015) . All reports emphasize that the majority of entorhinal projections arise from a portion of both LEC and MEC close to the rhinal fissure, i.e., the dorsolateral strip of EC that is preferentially connected with the septal hippocampus (Witter et al., 1989; Dolorfo and Amaral, 1998) . Similar to PER and POR, EC projections to PPC and V2M terminate in superficial layers (Agster and Burwell, 2009) .
Only a few labeled cells were observed in deep layers of PrS and PaS after injections of retrograde tracers in dorsal association areas. Such input has previously been described for V2M after injections of retrograde tracers in this area (Vogt and Miller, 1983) , while two studies of PrS and PaS efferents employing anterograde tracers did not describe projections to dorsal association areas (van Groen and Wyss, 1990a,c) . We therefore conclude that PrS and PaS provide only minimal input to mPPC, lPPC and V2M.
Previously, it has been shown that CA1 of the hippocampal formation in rat originates projections to widespread areas of the cortex, including a very sparse projection that targets layer 6 of PPC, and that this projection originates in the ventral two thirds of CA1 (Cenquizca and Swanson, 2007) . Our data confirms and extends this finding, showing that an additional sparse projection arises from all dorsoventral levels of subiculum, moreover, hippocampal projections appear to target only mPPC.
The projections from RSC to mPPC, lPPC and V2M reported here have previously been described as well Reep et al., 1994; Wilber et al., 2015) . Our findings suggest that the majority of projections arise from the rostral half of RSC, which is in contrast to a report that injections of anterograde tracers into caudal but not rostral RSC area 30 produced a substantial amount of labeled fibers in V2M . We did not see a significant difference in RSC input to mPPC versus lPPC, which is in contrast to a study in which it was reported that RSC projects stronger to mPPC than to lPPC (Wilber et al., 2015) . Our results further showed that the RSC projections to dorsal association areas originated mainly in layer V and less in layer III, supplementing previous descriptions of these projections terminating in layers 1 and 3-5 of V2M . The laminar termination pattern of RSC projections to PPC has to our knowledge not yet been described, but a review of existing material in our lab (injections in area 30 described in Jones and Witter, 2007 ) revealed a sparse projection preferentially to layer 1, although fibers were occasionally observed in other layers particularly in mPPC.
Projections from dorsal association cortices to the parahippocampal region
Projections from PPC and visual association cortices appear to target similar portions of the PHR, in that projections from all areas targeted rostral PER, POR, caudal EC, caudal PaS and rostrodorsal PrS, however, subtle topographies could be discerned. For instance, sparse PPC projections to rostral PER preferentially targeted area 36, whereas V2 projections were denser in area 35. PPC input to rostral area 36 was previously described in an extensive study of PHR afferents employing retrograde tracer injections in the region, but contrary to our results these authors found that V2 projections targeted only the most caudal extreme of area 36 (Burwell and Amaral, 1998a) . Considering the lack of labeled V2 projections in caudal area 36 in our hands, as well as the shared observation about projections from V2M as well as PPC to POR (present study ; Miller and Vogt, 1984; Burwell and Amaral, 1998a) , we find it plausible that the retrograde tracer injection in caudal area 36 in the latter study involved POR as well as caudal PER. Our data additionally show that the majority of projections from PPC subdivisions and V2M target deep layers of caudal POR. We further conclude, in line with a previous study (Burwell and Amaral, 1998a) , that projections from V2 to POR are stronger than those from PPC since they terminate not only in deep layers, as is the case for PPC projections, but also in superficial layers.
Our results also indicate that PPC and V2 project to EC, preferentially to deep layers of the most caudal portion close to the rhinal fissure. These observations are largely in line with a previous study describing sparse input from dorsal association areas after injections of retrograde tracers in caudal EC, with each of the V2 subdivisions providing a similar proportion of input as the PPC, and a higher proportion of input to MEC than to LEC (Burwell and Amaral, 1998a) . Different from this, our results suggest that fibers from all dorsal association areas target caudal LEC and MEC equally. In a study in which injections of tritiated amino acids were placed in visual cortices, projections to EC were not reported (Miller and Vogt, 1984) , likely because these tracers are less sensitive than the ones we have employed. Projections from PPC to PER, POR and EC have been found to originate in layers 2, superficial 5, and 6, while projections from V2 originated from layers 2 and 6 (Burwell and Amaral, 1998a) .
To our knowledge, ours is the first account of direct PPC projections to PrS and PaS in the rat, whereas projections from V2 to dorsal PrS have previously been described and shown to originate in layer 5 (Vogt and Miller, 1983; van Groen and Wyss, 1990c) . Our results corroborate that projections from V2M mainly terminate in layers I and III of dorsal PrS, and that these extend into ventral levels of PrS (Vogt and Miller, 1983) . Our findings suggest that PPC projections to PrS are confined to the dorsal portion and are shifted slightly rostral compared with V2 projections. Inputs from PPC or V2 were not described after injections of retrograde tracers in PaS (van Groen and Wyss, 1990a) , possibly because, according to our data, these projections target only a small, caudal portion of PaS.
In line with previous studies (van Wilber et al., 2015) , we found that PPC and V2 also project to RSC. We report that these projections mainly target rostral parts of area 30, and distribute to deep layers as well as layers I and III. The superficial termination in RSC of V2M projections was previously described in a study where they were also found to originate in deep layers . The same authors further reported that injections of retrograde tracers in caudal RSC resulted in higher numbers of labeled cells in V2M than injections in rostral RSC , in contrast to our findings that PPC and V2 preferentially target rostral RSC. The preferred projection to area 30 over area 29 substantiates the notion that area 30 has stronger connections with cortical areas outside the PHR and subicular complex than area 29 .
Comparative Considerations
Different from the rat, the monkey PPC comprises an area 5 in addition to area 7. However, area 5 is closely associated with somatosensory areas and does not connect with the PHR Pandya, 1976, 1984; Cavada and Goldman-Rakic, 1989a; Suzuki and Amaral, 1994; Muñoz and Insausti, 2005) . For area 7, connections with the PHR have mainly been described for the caudomedial area 7a of the inferior parietal lobule, whereas the more rostrolateral area 7b appears not to be connected with PHR Pandya, 1976, 1984; Stanton et al., 1977; Cavada and Goldman-Rakic, 1989a) . Studies of areas embedded in the intraparietal sulcus have yielded conflicting results pertaining to connections with PHR (Cavada and Goldman-Rakic, 1989a; Andersen et al., 1990; Suzuki and Amaral, 1994; Lewis and Van Essen, 2000) .
Weak projections to PER from area 7 have been observed in the monkey (Seltzer and Pandya, 1984; Suzuki and Amaral, 1994) although reciprocal projections were not found (Lavenex et al., 2002) . Confined bidirectional connections with EC have also been described (Muñoz and Insausti, 2005; Insausti and Amaral, 2008) . This is consistent with our findings of weak connections of rat PPC with PER and EC. In contrast, a large body of literature has described a strong, bilateral and reciprocal connection of monkey area 7a with the parahippocampal cortex, homolog to POR in the rat (Pandya and Vignolo, 1969; Pandya, 1976, 1984; Stanton et al., 1977; Cavada and Goldman-Rakic, 1989a; Andersen et al., 1990; Suzuki and Amaral, 1994; Lavenex et al., 2002; Muñoz and Insausti, 2005) . However, while area 7a of the monkey PPC is just connected with subdivision TF of the parahippocampal cortex, our data suggests that all subdivisions of rat PPC are reciprocally connected with the whole POR. Similarly, a projection mainly arising from monkey area 7a to PrS has been described that targets layers I and III of the caudal PrS and is reciprocated by sparse projections from deep layers of this area (Seltzer and Van Hoesen, 1979; Seltzer and Pandya, 1984; Cavada and Goldman-Rakic, 1989a; Andersen et al., 1990; Ding et al., 2000; Insausti and Muñoz, 2001) . Our findings in the rat corroborate the sparse projection from PrS to PPC as well as the denser reciprocal projections from PPC to dorsal PrS terminating in layers I and III, but contrasting findings in the monkey, our data suggest that rat PrS receives input from all subdivisions of PPC.
Two studies reported very fine fibers originating in monkey area 7 that terminated in CA1 of the hippocampal formation (Rockland and Van Hoesen, 1999; Ding et al., 2000) , while projections from CA1 or subiculum were not found after injections of retrograde tracers in PPC (Insausti and Muñoz, 2001) . In contrast to this, in our hands, such injections in the rat mPPC yielded a few labeled cells in CA1 and subiculum of the hippocampus, whereas injections of anterograde tracers in PPC did not result in labeled fibers in the hippocampus. We do note that the reported labeled fibers in monkey CA1 were very thin and only observed at high magnification after large injections of tracer (Rockland and Van Hoesen, 1999; Ding et al., 2000) , similarly, our material showed that PPC-projecting cells in CA1 and subiculum in the rat were scarce, hence the sparsity of the reciprocal PPC-hippocampus connections suggests they could easily be missed if injections were too small.
In sum, our findings in rat show that connections between PPC and PER, EC, and PrS are largely comparable with those observed in monkeys. In contrast, the connection of rat PPC with POR lacks the precise topographical organization that is seen in monkeys where only a subdivision of PPC is connected with a portion of the primate parahippocampal cortex. Previous studies have pointed out that interconnectivity between higher order areas may be less specific in the rat than in monkeys (Burwell and Amaral, 1998a) and that there is a higher degree of segregated information processing in the monkey than in the rat -pointing to a higher level of parallel processing in primates compared with rodents (Lavenex and Amaral, 2000) .
A Proposed Diagram of ParietalParahippocampal Interactions
Results from early behavioral studies indicated that PPC is involved in aspects of spatial navigation, for instance, recording studies found properties of PPC cells that were assumed to be spatially modulated (head direction cells, Chen et al., 1994;  forming representations of routes, Nitz, 2006) and lesions of PPC resulted in deficits in tasks testing spatial memory (Kolb and Walkey, 1987; Save and Poucet, 2000b; Rogers and Kesner, 2007) . One logical assumption was thus that PPC interacts with the hippocampus or the associated PHR, both of which are heavily involved in such behavior. We however conclude that direct connections between the two cortical domains are limited, substantiating behavioral studies where a double dissociation has been described between their functions (for review, see Kesner, 2009; Save and Poucet, 2009 ). Our results suggest that interactions between PPC and PHR most likely are mediated through POR and PrS, as well as RSC area 30 (Fig. 14) . All three areas likely integrate the signals they convey between PPC and PHR, such that three functionally different pathways may exist, which each uniquely contribute to the complex functional profile of PPC. In the subsequent paragraphs, we summarize the intricate connectional diagram, aiming to derive some functional insight.
POR is reciprocally connected with PPC (Burwell and Amaral, 1998a; Agster and Burwell, 2009) , and is also reciprocally connected with MEC (Burwell and Amaral, 1998a ,b) providing a major excitatory input to superficial layers of MEC (Koganezawa et al., 2015) . Since the sparse PPC projections mainly target layer VI of POR while projections to MEC originate in superficial layers of this area (Burwell and Amaral, 1998b; Koganezawa et al., 2015) , it is likely that local POR circuits need to be bypassed but the detailed circuitry within POR remains to be established. It is worth mentioning that POR receives a larger proportion of input from V2 than from PPC (Burwell and Amaral, 1998a) , suggesting that visual areas may have a stronger influence on POR activity than PPC.
With respect to PrS, we conclude that the dorsal portion receives equally dense input from PPC and from secondary visual cortex, the latter corroborating previous findings (Vogt and Miller, 1983; van Groen and Wyss, 1990c) . Both inputs show a preferred termination in layers I and III, and overlap partially with layer III-projecting terminals from RSC. Pyramidal neurons in layer III, in turn, constitute the main origin of PrS projections to MEC where they terminate in superficial layers Witter, 1993, 1994; van Haeften et al., 1997; Kononenko and Witter, 2012; Agster and Burwell, 2013) . It is thus feasible that PPC and V2 inputs might target layer III PrS neurons mediating this input to MEC. However, this proposition and whether RSC, PPC and V2M inputs impinge on the same layer III neurons awaits further testing. Similar to PrS, PaS provides input to superficial layers of MEC targeting hippocampal-projecting cells (van Groen and Wyss, 1990a; Witter, 1993, 1994) , and although projections from PaS and PrS terminate in separate layers, monosynaptic input from both areas is integrated by principal neurons in all layers of MEC (Canto et al., 2012 ). The precise role of PaS, compared with that of PrS is still poorly understood, although cells relevant to navigation have been described in both areas (Taube et al., 1990a,b; Taube, 1995; Boccara et al., 2015) .
RSC is another candidate structure to mediate PPC interactions with the parahippocampal-hippocampal system as has been suggested by others (Save and Poucet, 2000a; Whitlock et al., 2008; Whitlock, 2014; Wilber et al., 2015) , since it has direct projections to MEC (Burwell and Amaral, 1998a; Jones and Witter, 2007; Czajkowski et al., 2013; Sugar and Witter, 2016) . However, some observations from our data in combination with previous studies suggest that this may be an inefficient route to the hippocampal-projecting cells of MEC. First, PPC projects preferentially to rostral RSC, while it is the caudal RSC that originates the heaviest input to MEC (Jones and Witter, 2007; Sugar and Witter, 2016) . Second, RSC projections mainly terminates in layer V of MEC (Burwell and Amaral, 1998a; Jones and Witter, 2007; Czajkowski et al., 2013; Sugar and Witter, 2016) where the receiving neurons relay to superficial layers (Czajkowski et al., 2013) . Thus, even though RSC projects directly to MEC, several relays within RSC and MEC are necessary for information from PPC to reach superficial layers of MEC. On the other hand, the whole rostrocaudal axis of RSC strongly projects to PrS (Jones and Witter, 2007) adding importance to this area as a relay, since it, similar to POR, distribute projections to superficial layers of MEC, likely targeting hippocampal-projecting neurons Witter, 1993, 1994; van Haeften et al., 1997; Kononenko and Witter, 2012; Koganezawa et al., 2015) although synaptic contacts are made onto layer V neurons as well (Canto et al., 2012) . In sum, PrS remains as the parahippocampal area that provides the most efficient route for PPC projections to reach superficial layers of MEC and ultimately the hippocampal formation.
PrS may integrate information from multiple sensory modalities, head direction, an internal map of the environment as well as the borders surrounding it (Taube et al., 1990a,b; Boccara et al., 2010) . Neurons in PPC of rats do not carry a marked spatial code while animals freely forage in an open environment -rather, these neurons predict modes of movement (Whitlock et al., 2012; Wilber et al., 2014) , in line with recent studies showing an involvement of rat and mouse PPC in movement and decision-making (Harvey et al., 2012; Raposo et al., 2014; Erlich et al., 2015; Hanks et al., 2015) . While head direction cells in PrS represent the real time head direction signal, they receive anticipatory head directional signals from the anterodorsal thalamic nucleus as well as RSC (Blair and Sharp, 1995; Cho and Sharp, 2001 ) and PPC projections likely contribute information about planned selfmotion and action control (Whitlock et al., 2008; Whitlock, 2014) .
Although PrS constitutes the main route for PPC information to influence the hippocampal-parahippocampal system, the sparsity of return projections suggests that PrS does not relay information from PHR to PPC. In contrast, our data indicates that RSC provides significant input to PPC. RSC integrates information about allocentric space from PHR with idiothetic information from the head direction system and possibly from PPC, and cells here map position in external and internal frames of reference (Alexander and Nitz, 2015) that in turn could be used by PPC to guide navigation. Similar to recent findings in rodents that PPC neurons predict movements, early studies of monkeys reported that cells in PPC are active before or during movement of the eyes or limbs (Mountcastle et al., 1975; Robinson et al., 1978) . Based on the extensive primate literature, the involvement of PPC in such activities is thought to be enacted in concert with frontal cortical areas since they are heavily interconnected (Cavada and Goldman-Rakic, 1989b; Andersen et al., 1990; Rozzi et al., 2006; Pesaran et al., 2008; Gharbawie et al., 2011; Stepniewska et al., 2011) but although fronto-parietal connections have been described in the rat (Reep et al., 1984 (Reep et al., , 1987 (Reep et al., , 1990 (Reep et al., , 1994 (Reep et al., , 1996 Kolb and Walkey, 1987; Cond e et al., 1995; Vertes, 2007, 2011) , their exact topographic organization remains to be explored in detail. 
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